Purpose-Prostate cancer is dependent on androgen receptor (AR) activation. Optimal AR antagonism may effectively cytoreduce local disease and suppress or eliminate micrometastases. We evaluated neoadjuvant therapy prior to prostatectomy with the potent AR antagonist enzalutamide (enza) either alone or in combination with dutasteride and leuprolide (enza/dut/ LHRHa).
Introduction
Therapeutic approaches that inhibit androgen receptor (AR) activity are a critical component of effective treatment of castration-sensitive and castration-resistant prostate cancer (CRPC) (1, 2) . It is clear that a common resistance mechanism to androgen deprivation therapy (ADT) is mediated by persistent AR signaling through mechanisms that include the import and metabolism of androgens and increased AR expression, even in the setting of low serum ligand levels (3) (4) (5) . Agents that further inhibit androgen synthesis and AR signaling include abiraterone acetate (a direct inhibitor of tissue steroidogenesis and AR antagonist) and enzalutamide (enza), a small molecule inhibitor of the ligand-binding domain of the AR, AR translocation and DNA binding (1, 2, 6, 7) . Potent AR inhibitors such as enza induce tumor regression and growth suppression even after the failure of approaches that produce castrate serum androgen levels, such as the administration of luteinizing hormone-releasing hormone analogs (LHRHa). Direct blockade of the AR with enza has the potential to ablate AR signaling and induce tumor cell death with or without ADT (8) . Phase III studies of enza in metastatic CRPC have provided evidence for clear survival advantages and confirm the relevance of targeting AR even in late-stage prostate cancer (2, 7) .
Evaluating therapeutics in the neoadjuvant setting prior to prostatectomy provides an opportunity to quantitate the impact of agents on tumor volume and the potential to cytoreduce or eliminate systemic micrometastatic disease. It also facilitates studies to determine mechanisms of resistance in residual tumor. Previous neoadjuvant studies using ADT in localized prostate cancer found limited effects on tumor reduction and relapse rates (9, 10) . Subsequent studies with combinations of agents targeting AR in localized prostate cancer signaling have shown higher rates of complete pathological response (pCR) in small phase II studies (11) . This preliminary study was designed to determine if enza alone or in a unique combination with leuprolide, an LHRHa, and dutasteride, a 5α-reductase inhibitor that prevents conversion of testosterone into the more potent androgen dihydrotestosterone (DHT) (12) would result in an improvement of pCR compared with those previously reported in the literature. Additional exploratory analyses examined surrogates for AR signaling tissue in order to identify potential mechanisms of sensitivity and resistance.
Patients and Methods

Patients
This was a randomized, open-label, parallel-group, noncomparative study (clinicaltrials.gov ID NCT01547299). All procedures were approved by the institutional review boards of University of Washington, Dana-Farber/Harvard Cancer Care, Princess Margaret Cancer Centre, and University of British Columbia, and all subjects signed written informed consent. Eligible men had surgically resectable, localized adenocarcinoma of the prostate (T1c-T3, N0/NX, M0) with at least three biopsy cores positive for tumor, and a baseline Gleason score ≥7 or prostate-specific antigen (PSA) >10 ng/mL. Patients were excluded if they had: a positive bone scan and computed tomography or magnetic resonance imaging scan of the abdomen/pelvis; received prior therapy for prostate cancer, including drugs affecting androgen metabolism, within 6 months of enrollment; or a history of thrombosis, seizure or cerebrovascular disease, ventricular arrhythmia, bradycardia, heart block, uncontrolled hypertension, unstable angina or heart failure, or another malignancy other than nonmelanoma skin cancer or superficial bladder cancer. Men were required to have a serum testosterone ≤50 ng/dL below the institutional lower limit of normal, as well as normal blood counts, creatinine, and transaminases.
Study procedures
Prior to radical retropubic prostatectomy, patients were randomized 1:1 to 6 months of neoadjuvant therapy with either enza alone (160 mg daily) or enza (160 mg daily) with leuprolide (22.5 mg once every 3 months) and dutasteride (0.5 mg daily) (enza/dut/LHRHa). Patients were stratified by baseline risk category (intermediate risk vs. high risk). Intermediate risk was defined as having any one of the following: clinical stage T2b or T2c, baseline PSA of 10-20 ng/mL, or Gleason score by local pathology of 7 (4 + 3). High risk was defined as having any one of the following: clinical stage T3, baseline PSA >20 ng/mL, or Gleason score of 8-10.
Outcome variables
The primary objective was to assess the pCR rate, defined as the absence of morphologically identifiable carcinoma in the prostatectomy specimen. Secondary objectives included: analysis of cases with ≤3 mm maximum diameter of residual tumor (minimal residual disease [MRD]), presence of positive surgical margins, nodal involvement, expression of AR, glucocorticoid receptor (GR), PSA, tissue and serum androgens, and safety and tolerability. Exploratory analyses of residual cancer burden (RCB), with MRD defined as <0.25 cm 3 of residual tumor (11, 13) , were also performed.
Tissue acquisition and determination of tumor volume
A detailed standard operating procedure for acquisition and processing of prostatectomy specimens was developed and followed at all sites. Endpoints were evaluated by independent central pathology review. RCB was calculated by using three-dimensional volume estimation based on the largest cross-sectional tumor dimension and number of crosssections involved by tumor, corrected for tumor cellularity (13) .
Steroid measurements
Serum and tissue androgen levels were determined by liquid chromatography-tandem mass spectrometry in a blinded manner, using methods previously described (14) . Steroids analyzed included DHT, testosterone, pregnenolone, progesterone, androstenedione (AED), and dehydroepiandrosterone (DHEA). Lower limits of detection for steroids in serum were 0.49 pg/sample for testosterone, progesterone, and AED, 0.98 pg/sample for DHT and pregnenolone, and 3.9 pg/sample for DHEA. Lower limits of detection in tissue were 0.49 pg/sample for testosterone, progesterone, and AED, 0.98 pg/sample for DHT and pregnenolone, and 15.6 pg/sample for DHEA.
Immunohistochemistry
Immunohistochemistry (IHC) was performed in a College of American Pathologistscertified diagnostic IHC laboratory according to standardized protocols. In brief, serial unstained sections were deparaffinized on an automated immunostainer (Bond III™, Leica Biosystems, Buffalo Grove, Illinois) using Bond Dewax Solution. After dewaxing, dehydrating, and rinsing multiple times, antigen retrieval was performed using either epitope retrieval solution 1 (pH 8.0) or epitope retrieval solution 2 (pH 9.0) for 20 minutes. A peroxidase blocking solution was applied to neutralize endogenous peroxidase, followed by several rinses with Bond Wash Solution. Slides were incubated for 20 minutes with either mouse monoclonal antibodies against N-terminus AR (clone F39.4.1, 1:200, Biogenex, Fremont, California), N-terminus nuclear receptor subfamily 3 group C member 1 (glucocorticoid receptor [GR]; clone 4H2, 1:25, Novocastra/Leica Biosystems), marker of proliferation Ki-67 (Ki-67; clone MIB-1, 1:200, cat. M7240, Dako, Carpinteria, California), or a rabbit polyclonal antibody against kallikrein related peptidase 3 (PSA; 1:8000, cat. A0562, Dako). Slides were then rinsed multiple times with Bond Wash Solution and incubated for 8 minutes with polymer antimouse or antirabbit poly-HRP-immunoglobulin and polymer detection reagent (Bond Polymer Refine Detection kit, Leica Biosystems). After multiple rinses, slides were incubated with 3,3′-diaminobenzidine tetrahydrochloride for 10 minutes and counterstained with hematoxylin. Staining was assessed in a blinded manner for intensity level (0, no stain; 1+, weak stain; 2+, intermediate; 3+, intense stain) and proportion of positive cells (categorized as none, <10%, 10%-50%, or >50%).
Statistical analyses
Statistical analyses were performed by treatment arm using all patients with evaluable data (e.g., pCR and surgical outcomes among those who had a prostatectomy, and PSA reduction among those with a baseline and at least one post-baseline PSA assessment). For safety analyses, all patients who received at least one dose of study drug were evaluated.
The proportion of patients with pCR was compared for each treatment arm against a 5% historical control pCR rate using exact binomial P values, each of which were tested with a one-sided type I error of 0.025. The historical control rate was based on studies using leuprolide and flutamide with pCR rates of 4%-9% (9, 10). The proportion of patients with intense IHC staining were compared between treatment arms using Fisher's exact test (9, 15) . Comparisons of serum androgen levels and tissue androgen levels between the two treatment arms were carried out using the nonparametric Mann-Whitney test. All correlations were based on the Spearman rank correlation. P values were exploratory only;
there was no adjustment for multiple testing.
The planned sample size was 20 to 25 patients per arm, with an option to replace patients who have not received an adequate course of therapy. With 20 patients in the enza arm, the 2-sided exact binomial 95% confidence interval corresponding to an observed pCR rate of 20% (4/20 patients) is (5.73%, 43.66%). Similarly, with 20 patients in the enza/dut/LHRHa arm, the 2-sided exact binomial confidence interval corresponding to an observed pCR rate of 25% (5/20 patients) is (8.66%, 49.10%). Both scenarios would yield a lower bound of the 95% confidence interval larger than the estimated historical control rate of 5%. The two arms of the trial were not intended to be compared against each other.
Results
Patient characteristics
Fifty-two patients with intermediate-to high-risk prostate adenocarcinoma were enrolled (27 in the enza arm and 25 in the enza/dut/LHRHa arm). Baseline characteristics were well balanced between the two treatment arms ( Table 1) . Four patients discontinued therapy prior to prostatectomy to undergo prostatectomy or radiation outside of the study, not resulting from toxicity, and 48 patients underwent radical prostatectomy (25 from the enza arm and 23 from the enza/dut/LHRHa arm).
Pathologic outcomes
The majority of patients had ypT3 pathologic staging at the time of prostatectomy (72% of patients in the enza arm and 61% of patients in the enza/dut/LHRHa arm; Table 2 ). Zero of 25 patients in the enza arm and one of 23 patients (4.3%) in the enza/dut/LHRHa arm achieved a pCR ( Table 2 ). Neither treatment arm demonstrated a significantly higher pCR rate compared with the historical control rate of 5% (9, 10) . Median RCB was 0.41 cm 3 in the enza arm and 0.06 cm 3 in the enza/dut/LHRHa arm ( Table 2 ). RCB volumes for each treatment arm are presented in Supplementary Figure S1 . The proportion of patients who achieved MRD based on RCB volumes (<0.25 cm 3 ) was 36% in the enza arm versus 74% in the enza/dut/LHRHa arm; however, the proportion with lymph node involvement was lower in the enza arm than in the enza/dut/LHRHa arm (4% vs. 26%, respectively; Table 2 ). MRD, stage ypT2 or lower at prostatectomy, and the proportion of patients with positive margins were similar between the two treatment arms.
Tissue and serum concentrations
Comparison of tissue androgens is shown in Table 3 and Supplementary Figure S2 . Tissue DHT and testosterone were significantly higher in tumors from the enza arm than in those from the enza/dut/LHRHa arm (mean DHT, 3.34 pg/mg vs. 0.04 pg/mg, and mean testosterone, 0.90 pg/mg vs. 0.18 pg/mg, respectively; P < 0.0001 for both). DHEA was not significantly different between the enza arm and enza/dut/LHRHa (mean, 74.48 vs. 63.79 pg/mg, respectively; P = 0.38), and AED was significantly lower in the enza arm than in the enza/dut/LHRHa arm (mean, 1.06 pg/mg vs. 1.70 pg/mg, respectively; P = 0.03). Trends in day 180 serum levels were similar to the changes in tissue upon prostatectomy, with enza alone resulting in higher serum DHT and testosterone levels than those of the enza/dut/ LHRHa arm ( Supplementary Fig. S3 ). Of interest, serum levels of essentially all androgens increased between baseline and day 180 (prior to prostatectomy) in the enza arm, including pregnenolone, progesterone, DHEA, AED, DHT, and testosterone ( Supplementary Fig. S3 ). This pattern was consistent with previous reports that antiandrogens, such as bicalutamide, will abrogate negative feedback to the hypothalamus and consequently increase androgens and estradiol (16) .
Androgen receptor activity
To determine the effect of therapy on AR pathway suppression in each treatment arm, we evaluated epithelial tumor nuclear expression of AR, cytoplasmic expression of PSA, and serum PSA kinetics. Intense and extensive nuclear AR staining remained in the majority of tumor cells in all residual tumors in both arms, suggesting incomplete suppression of AR expression. Treatment with enza alone resulted in a higher proportion of patients with intense (3+) nuclear AR staining than treatment with enza/dut/LHRHa (95% vs. 67%, respectively; P = 0.029; Fig. 1A ). The proportion of patients with tumors having >50% of nuclei positive for AR was also statistically higher in tumors from the enza arm than in those from the enza/dut/LHRHa arm (100% vs. 78%, respectively; P = 0.029; Fig. 1B) . As a reflection of greater suppression of AR activity in the enza/dut/LHRHa arm, the proportion of patients with intense (3+) cytoplasmic PSA staining was higher in tumors from the enza arm than in those from the enza/dut/LHRHa arm (79% vs. 45%, respectively; P = 0.018; Fig.   1C ). The proportion of patients with tumors having >50% of cells positive for PSA was higher in tumors from the enza arm than in those from the enza/dut/LHRHa arm (92% vs. 68%, respectively; P = 0.132; Fig. 1D ). Serum PSA kinetics largely reflected the greater suppression of AR activity and lower tissue PSA in the enza/dut/LHRHa arm (Table 3) . Nadir PSA was achieved at day 180 and was higher in patients from the enza arm than in those from the enza/dut/LHRHa arm (median PSA, 0.51 μg/L vs. 0.04 μg/L, respectively; P baseline in the enza arm than in the enza/dut/LHRHa arm (63% vs. 100%, respectively; P = 0.0007). Both PSA and Ki-67 are potential indicators of tumor proliferation (17) . The percentage of Ki-67-positive nuclei in tumors from the enza versus enza/dut/LHRHa arms was 3% versus 1% (P = 0.012), suggesting greater suppression of proliferation with enza/dut/LHRHa.
One postulated mechanism of resistance to enza is binding of the GR to a subset of AR target genes and consequent transcription activation (18) . Higher GR expression (in both intensity of GR staining and number of positive cells) was observed in the majority of cells in both treatment arms (Fig. 2) .
Correlations with residual cancer burden
Correlations of tissue androgen levels with RCB using both treatment arms combined showed that lower tissue testosterone (Spearman r = 0.41) and tissue DHT (Spearman r = 0.32) were associated with lower RCB. No correlation of GR staining with RCB was observed when assessing both the enza and enza/dut/LHRHa arms combined, although when the analysis was performed in the enza/dut/LHRHa arm alone, there was a significant correlation of higher RCB with a higher proportion of GR-positive tumor nuclei (Spearman r = 0.54; P = 0.04; 0%-10% positive nuclei vs >50% positive nuclei; Supplementary Fig. S4 ).
Safety
Safety was evaluated in the neoadjuvant and perioperative period, up to 30 days after prostatectomy. Overall, both enza and enza/dut/LHRHa were well tolerated ( Table 4 ). While the most frequent adverse events were generally very similar, in the absence of LHRHa to suppress testosterone and estrogen, gynecomastia and mastodynia were more prominent in the enza arm than in the enza/dut/LHRHa arm (63% vs. 12% and 59% vs. 8%, respectively). Patients in the enza arm experienced fewer hot flushes than those in the enza/dut/LHRHa arm (26% vs. 96%, respectively). There were no instances of significant hepatitis or seizures.
Discussion
This study was designed to determine if neoadjuvant treatment with enza, a potent inhibitor of AR activity, either as a single agent (noncastrating therapy) or combined with androgen suppression (i.e., enza/dut/LHRHa), would result in a pCR rate assessed at the time of radical prostatectomy that was higher than historical controls of standard ADT prior to prostatectomy. No patients in the enza arm achieved pCR, while one of 23 patients (4.3%) receiving enza/dut/LHRHa achieved pCR as assessed per protocol. Previous studies have reported pCR rates between 0% and 10% using interventions designed to suppress AR signaling (9, 11, 19) . The published trials evaluating neoadjuvant ADT enrolled a majority of what today are consider low-risk patients. A historic control for pCR in a majority highrisk population also allowing nodal enlargement up to 15 mm does not exist. When planning the trial, we thought a pCR rate of ≥5% would be favorable. Exploratory pathologic metrics of response, including MRD and RCB, may also be predictors of positive clinical outcomes. We observed that seven of 52 patients had positive lymph nodes (4% in the enza arm and 26% in the enza/dut/LHRHa arm). This rate of nodal positivity was within range of expected given the characteristics typical of high-risk patients. While the increased percentage of node positivity in the enza/dut/LHRHa arm was provocative given that baseline patient characteristics were balanced (see Table 1 ), the study size overall was small and no definite conclusions could be made. In a future analysis, we plan to molecularly characterize tumor from baseline, radical prostectomy tissue, and nodal disease from exceptional and poor responders to understand drivers of response and resistance.
The neoadjuvant setting provides an opportunity to test therapeutics using tissue and pathologic measures. In prostate cancer there are no clinically validated tissue or pathologic biomarkers. We chose to go beyond standard two-dimensional pathology measurements and explored assessments of tumor response, including cellularity and RCB. A recently reported neoadjuvant study of the use of LHRHa with abiraterone acetate for 6 months demonstrated pCR rates of 4% and 10% depending on the duration of abiraterone acetate treatment (11) . That study also demonstrated MRD, defined as a RCB <0.25 cm 3 , in 44% and 52% of patients after 12 and 24 weeks, respectively. In our study, MRD using the same definition was observed in 36% of patients in the enza arm and 72% in the enza/dut/LHRHa arm, which compared very favorably with that of prior neoadjuvant studies. Finally, median RCB was higher in the enza arm than in the enza/dut/LHRHa arm. However, comparisons of treatment arms were not the intent of this study and are limited by the small sample size, and comparisons with prior studies are hampered by a lack of clear consensus on methods for assessing pCR and RCB in the prostate.
Strong correlations between lower RCB and lower intraprostatic androgens were found, suggesting that lowering serum and prostatic androgens may reduce tumor volume. Reducing natural ligands that compete with enza for AR binding, such as testosterone and DHT (current role of dutasteride), would be expected to enhance the ability of enza to antagonize AR activity. The surrogacy of pCR, downstaging, or RCB after neoadjuvant therapy has been clearly demonstrated in locally advanced breast cancer and other malignancies (20) (21) (22) . Whether RCB will ultimately be a useful surrogate in prostate cancer requires longer follow-up of patients in this and other studies, as well as larger randomized studies evaluating an optimal regimen once such a regimen is defined in phase II studies.
Tissue assessment of AR signaling in the different treatment arms demonstrated that concentrations of intraprostatic testosterone and DHT, and expression of nuclear AR, and PSA were significantly lower in the enza/dut/LHRHa arm, suggesting that effective inhibition of AR signaling generally requires suppression of tissue androgens. Enza/dut/ LHRHa also resulted in a lower median serum PSA nadir and a larger proportion of patients with a >90% PSA decline, consistent with relative tissue AR inhibition. Assessment of GR expression, one potential mechanism of resistance to enza, showed a strong correlation between higher RCB and GR-positive tumor nuclei in the enza/dut/LHRHa arm, which raised the possibility of a relationship between GR-positive tumors and resistance to anti-AR therapy.
The use of enza alone or in the enza/dut/LHRHa combination in a neoadjuvant setting was generally well tolerated, with no safety signal for significant toxicity. As expected in a patient population that had noncastrate levels of testosterone, the proportion of patients experiencing gynecomastia and mastodynia was higher in the enza treatment arm than in prior CRPC studies (2, 7) , but was comparable to another study of enza in hormone-naïve prostate cancer (23) .
Future correlative analyses will address the variability in responses to neoadjuvant therapy with enza and the mechanisms contributing to treatment resistance. It remains to be determined why a subset of patients had complete or near-complete tumor eradication, whereas substantial residual tumor volumes were found in others. Our results indicate that AR signaling remains active in the majority of surviving tumor cells despite exposure to enza and suppression of the AR ligands testosterone and DHT by leuprolide and dutasteride, respectively. Consequently, treatment failure is likely mediated through continued AR pathway activation, which could occur through a number of mechanisms, including increased expression of the AR or AR splice variants, the activity of androgen synthesis enzymes such as CYP17A or SRD5A, or through alternative signal transduction pathways that may involve other nuclear hormone receptors such as the GR (24) (25) (26) (27) (28) . More effective AR blockade, potentially through combining ADT with inhibition of CYP17 and direct inhibition of AR with enza or other compounds in development, will be necessary to determine whether complete ablation of the AR pathway is possible and whether this approach will result in a higher rate of complete response. The ongoing analysis of residual tumor clones will provide insights into which agents should be combined with AR targeting in order to optimize tumor killing. As one potential target, if the GR is a relevant pathway of resistance, preemptively targeting the GR pathway may contribute to improved response rates.
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